Introduction
According to Italian industry demands and food formulation, whole liquid egg products used as ingredients are characterized by a total solids (TS) content ranging between 20% and 26%. The whole liquid egg products are generally obtained from the breakage and the subsequent homogenization of the egg constituents. As the content of solids in whole egg is affected by the yolk to white ratio and by the yolk and white chemical compositions [Washburn 1979 ], the homogenized product should be corrected in order to produce ingredients characterized by a certain total solids content value. The yolk to white ratio is in turn related to the egg size that increases with the age of the hen [Fletcher 1983 ] and both the yolk and white total solids content can be influenced by the hen's strain [Ahn 1997] .
Since the albumen and yolk are composed of really different percentages of water and chemical components [Stadelman 1995] , electrical [Żywica 2005 ] and thermal [Ahmed 2008 ] conductivity measurements could be used to assess, rapidly and economically, the quality of whole liquid egg products in terms of total solids and fat contents.
Electrical conductivity is a measure of the transmission of an electric current through a material; foods containing charged electrolytes are able to transmit an electric current in relation to their electrical resistance R value [Figura 2007 ]. In addition to the concentration and type of the ions, electrical conductivity is strongly dependent on temperature; conductivity readings often refer to a specific temperature, typically 20°C or 25°C, obtained by calculating a temperature coefficient (θ) expressed as a conductivity variation in %/°C [Barron 2007] . Furthermore, the cell characteristics and the applied current affect the polarization at the electrodes, an accumulation of ionic species near the electrode surfaces, which may lead to erroneous readings [Radiometer Analytical SAS, 2004] .
To date, electrical conductivity is widely used for water control [ISO 7888:1985] and in the dairy industry for quality analyses of milk [Henningsson 2005] and cheese fermentation processes [Paquet 2000 ]; electrical property measurements are also important during food processes which are based on Ohmic heating [Fryer 1993 ] and pulsed electric field treatments used for microbial inactivation of liquids such as juice-milk based beverages [Sampedro 2007 ] and liquid egg products [Amiali 2006 ]. In particular, Amiali 2006, showed a positive linear correlation between electrical conductivity and temperature for different liquid egg products and for albumen and yolk.
Similarly, thermal conductivity is a food property necessary for the setting-up of thermal treatment such as refrigeration, freezing, pasteurization and heating processes in order to avoid possible product damage [Ahmed 2008] . As regards the influence of temperature, discordant data have been reported in the literature: with the increase of the temperature, slight decreases [Gut 2005; Coimbra 2006 ] and increases [Fontana 1999 ] of thermal conductivity were observed.
Based on electrical and thermal conductivity measurements, the present research intends to assess the total solids and fat contents of whole liquid egg products characterized by different percentages of albumen and yolk. The effect of the solution temperature on the electrical and thermal properties was also studied.
Materials and methods
A total of 60 brown eggs were collected from a local poultry farm one day after laying and the main quality indices were assessed: mass (g), diameter (mm), height (mm), air cell height (mm), thick albumen height (mm) and yolk index. The air cell height was obtained by averaging four measurements carried out from the base of the shell to three equidistant points on the circumference described by the contact line of the membrane to the shell and in the middle point of the same membrane. The thick albumen was calculated by averaging three measurements taken at different points of the thick albumen at a distance of 10 mm from the yolk. The yolk index was obtained by dividing the height by the diameter of the yolk [Funk 1948 ].
The albumen and yolk content coming from each egg were respectively divided in two batches; each batch was then manually mixed very slowly and 9 whole egg liquid products (300 ml each), characterized by different percentages (in mass) of the two components (Tab.1), were prepared using an analytical balance (Sartorius, BL 120 S, Sartorius mechatronics, Italy) and homogenised (Ultra-Turrax, IKA, Germany). The percentages of white and yolk in the mixtures were selected in order to cover, as much as possible, the range of the total solids (TS) content characterizing the commercial whole liquid egg products prepared for the Italian food industry. Measurements were carried out both on the whole liquid egg products and the albumen and yolk samples.
Electrical conductivity (mS/cm) was measured as an average of three replicates by means of a 4-pole platinum cell (SPT06, DeltaOHM, Italy) containing a temperature sensor (Pt100), connected to a portable conductivity meter (HD2306.0, DeltaOHM, Italy). Before measurements, the device was calibrated by means of both standard solutions of 0.01 mol/l and 0.1 mol/l of KCL, characterized, at 25°C, by electrical conductivity values of 1.413 mS/cm and 12.88 mS/cm.
Since the conductivity of egg solutions of electrolytes increases as the temperature increases, the conductivity values were obtained from 2 to 28°C (with steps of about 4°C) in order to assess the temperature coefficient (θ) usually expressed as a conductivity variation in %/°C. This coefficient was calculated at the reference temperature of 20°C.
Thermal conductivity (W/mK) was determined as a mean of three replicates using a specific needle probe named KD2 (Decagon Devices, Inc., Pullman, WA, USA). This consists of a hand-held reader and a single-needle sensor that can be inserted into the medium under test; a short duration thermal pulse is applied to the heater and the temperature of the thermocouple response is used to simultaneously determine the thermal conductivity and thermal diffusivity. The whole liquid egg products and the albumen and the yolk samples were put into 11 graduated cylinders (50 ml) and the thermal conductivity was directly measured by the probe at two temperatures, 0 and 20°C respectively. It was important to wait for about 5 minutes between successive readings, to allow thermal equilibrium.
The total solids (TS) and the fat contents of the liquid egg products were assessed in triplicates according to the AOAC Official Method No. 925. 30 [1990] and Folch [1957] , respectively.
Regression models for the prediction of the total solids (TS) and the fat contents were obtained from both electrical and thermal conductivity measurements conducted for the whole egg liquid products at the reference temperature of 20°C (SPSS, version 15, USA).
Results and discussion
Averaged values of the analysed quality indicesmass (g), diameter (mm), height (mm), air cell height (mm), thick albumen height (mm) and yolk indexare shown in Table 2 .
The analysed samples were characterized by mean values of the total solids (TS) content of 11.9 % and 50.3% respectively for 100% of albumen and 100% of yolk (Tab. 3); the TS values for the mixtures ranged between 21.3% and 31.3% (mean step of 1.3%). The fat content of the mixtures ranged between 8.4% and 15.4% (mean step of 0.9%) and, it was 0.03% and 30.4% for the albumen and yolk samples, respectively. Figure 1 shows the mean values of the electrical conductivity (mS/cm) of the whole liquid egg products in the temperature range of 2°C -28°C. As expected, the highest electrical conductivity was measured for the albumen (8.1 mS/cm at 20°C) and the A l b u m e n ( % ) 7 5 7 2 6 9 6 6 6 2 5 9 5 6 5 3 5 0
Yolk (%)  25  28  31  34  38  41  44  47  50 Whole liquid egg products Egg component lowest for the yolk (2.6 mS/cm at 20°C). This behaviour is mainly due to high levels of moisture content and mineral concentration characterizing the egg white and to the yolk fat content that acts as an insulator [Amiali 2006 ]. The electrical conductivity of the analysed whole liquid egg products (from 75% to 50% of albumen) ranged, at 20°C, from 5 mS/cm to 6.5 mS/cm. Differences between the electrical conductivity values of the egg mixtures increased with the temperature; at 20°C a mean conductivity difference of 0.18 mS/cm was observed between the nine whole liquid egg products.
The relationship between electrical conductivity and temperature follows a linear trend. The model regressions, the coefficient of determination R 2 (up to 0.9999) and the temperature coefficient θ 20°C (%/°C) are shown in Table 4 . According to the linear dependence, the temperature coefficient (θ) was calculated by using the linear correction:
where T and 20°C are the temperatures at which electrical conductivities Ec T and Ec 20°C were respectively measured. The θ 20°C values reported reflect the basic behaviour of the albumen, yolk and whole liquid egg products [Barron 2007] .
The results of the thermal conductivity measurements conducted at 0°C and 20°C are reported in Table 5 . Also for this parameter, the moisture content justifies the higher values observed for the albumen [Ahmed 2008 ]. As reported in the literature [Gut Table 6 . This dependence was linear for both dependent variables and conductivity measurements. For both electrical and thermal conductivities, the best models were linear with R 2 values of 0.995 and 0.992 for the total solids content, respectively; the R 2 values of 0.985 and 0.990 for the prediction of the fat content, respectively, were slightly lower. The values predicted by the models versus the observed values of the two parameters for electrical and thermal conductivity are reported in Figure 2 . According to the results in Table 6 and in Figure 2 , the total solids content can be predicted with a maximum error of 0.41% and 0.43% for electrical and thermal conductivity values, respectively; for the fat content, the maximum errors were 0.56% and 0.42%, respectively.
Conclusions
The results of the present research showed that the conductivity measurements carried out on the whole liquid egg products are able to predict the total solids and the fat contents with an acceptable error. Both quality parameters can be estimated with linear mod-45 Fig. 2 -The values predicted by the models versus the observed values of the total solids and fat contents (%) from electrical and thermal conductivity measurements. els characterized by R 2 values ranging from 0.985 to 0.995; the best model was obtained for the assessment of the total solids content from the electrical conductivity. A simple device based on these properties could represent a useful and economic tool for the rapid quality evaluation of whole liquid egg products during their preparation and subsequent use by the food industry.
As reported in the literature, the electrical conductivity was greatly influenced by the temperature of the product, with a mean percentage increase in conductivity of 2.1 (%) for a temperature change of 1°C; on the contrary, the thermal conductivity did not appear to be substantially influenced by the temperature of the solution.
The present research represents a first attempt to measure total solids and fat content of egg mixtures by means of electrical and thermal properties. Further investigations could be carried out in order to improve the predictive power of the models, by studying the effect of different oscillating frequencies and voltages that affect the dissociation of the conductive solutions.
SUMMARY
The total solids and fat contents of nine whole liquid egg products were assessed by means of electrical and thermal conductivity measurements. Linear correlations between conductivity values and total solids and fat contents were obtained with R 2 values up to 0.995 and 0.990 and maximum errors of predic-46 tion up to 0.41% and 0.42%, respectively. The electrical conductivity of the albumen, yolk and egg mixtures linearly increased with temperature; at 20°C, temperature coefficients of 2.1%/°C, 2.1%/°C and 1.9 %/°C were respectively calculated. On the contrary, the thermal conductivity of the analysed products did not appear to be substantially influenced by the temperature of the liquid.
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